Abstract In this study, the mortality factors acting upon the galling psyllid Neopelma baccharidis Burckhardt (Homoptera) caused by its host plant, Baccharis dracunculifolia De Candole (Asteraceae) were analysed. In March 1999, 982 galls of the same cohort were randomly marked on 109 individuals of B. dracunculifolia in the field. Galls were censused each month during their development, from April to August, and dead galls were collected and analysed for mortality factors. Gall dehiscence rates were calculated for each month. The major mortality source of N. baccharidis was gall dropping (13.2% of the original cohort), which is probably a normal outcome of previous mortality caused by the other factors observed in this study. Unknown factors killed 11.7% of this gall population and were ascribed to plant resistance during gall development. Empty galls represented 7.7% of the observed mortality and may be a consequence of egg retention or egg mortality/abortion related to variations in plant quality. Shoot mortality was high during the dry season and killed 7.5% of the galls, but this impact was minimized after the third month from gall formation due to the ability of nymphs to accelerate development and emerge from galls on dying shoots. However, the size of dehisced galls on dead shoots tended to be smaller, possibly affecting adult performance. Mortality of N. baccharidis attributed to B. dracunculifolia strongly controlled the galling insect population, killing 40.7% of the original cohort of galls. Plant-mediated mortality was caused by often neglected factors acting predominantly during the first 3 months of development, which are critical to gall survivorship. These results reinforce the importance of bottom-up forces in plant-insect systems.
INTRODUCTION
Herbivore preference and performance are strongly affected by host plant traits, natural enemies and the tri-trophic interactions between plant, herbivores and their natural enemies (Weis & Abrahamson 1985; Craig et al . 1990; Price et al . 1996) . Plants may influence their herbivores indirectly, by controlling their growth and development, by increasing their susceptibility to parasitoids and predators (Weis & Abrahamson 1985; Benrey & Denno 1997) , or even by producing volatile substances to attract natural enemies (McCall et al . 1993; De Moraes et al . 1998) . The majority of studies conducted with herbivorous insects illustrate the strong, direct bottom-up influence exerted by the plants on the population of the herbivore, via chemical or physical interactions (Price et al . 1980 (Price et al . , 1996 . Several plant traits may kill or reduce the growth of a herbivore, such as the nutrient content of the tissues (Clancy & Price 1987; Kytö et al . 1996) , production of secondary metabolites (Feeny 1976; Herms & Mattson 1992) , plant growth rate (Price 1991) and physical barriers to feeding (Southwood 1986; Fernandes 1994) .
Galling insects provide good opportunities to evaluate the influence of bottom-up factors on the performance of their herbivores, since the insects of this guild are usually restricted to a single plant species (Rohfritsch & Shorthouse 1982; Craig et al . 1993) where, embedded in host tissue, they develop. Maddox and Root (1987) showed that resistance in goldenrod ( Solidago altissima Linnaeus) is consistently higher for galling than for free-feeding insects, as a consequence of the finely tuned interaction that galling insects have with their hosts. Although galling insects modify the normal physiological processes of the plant (Rohfritsch & Shorthouse 1982; Hartley 1998) , they may be more affected by bottom-up forces than generalist freefeeding herbivores, but this aspect has seldom been evaluated in the literature (see Fernandes 1990; Fernandes et al . 2000) .
The induction of a gall is a complex process, involving site choice and oviposition by the adult female, egg hatching and larval feeding (Rohfritsch & Shorthouse 1982; Preszler & Price 1988; Skuhravý et al . 1996) . All these stages are critical to gall establishment and may be affected by plant quality. Moreover, the time for complete development is usually long, and may last from a few months to 2 years (Price et al . 1995; Skuhravý et al . 1996; Espírito-Santo & Fernandes 1998) . Due to its immobility, the galling insect is susceptible to plant defences during this period (Fernandes 1990; Tscharntke 1993) , and its survivorship may vary with seasonal changes in plant quality (Price 1992; Tscharntke 1993; Ngakan & Yukawa 1997) .
The present study aimed to determine the mortality rates of a leaf-galling insect, Neopelma baccharidis Burckhardt (Homoptera: Psyllidae), on its host plant, Baccharis dracunculifolia De Candole (Asteraceae). The development of this psyllid may last 2-6 months, from gall induction to nymph emergence from the gall. This relatively long period exposes the feeding nymphs to plant metabolism and its phenological shifts. Plantmediated mortality, the bottom-up influences on gall growth, and dehiscence rates were evaluated over 6 months in a cohort of N. baccharidis galls. Specifically, the following questions were asked: (i) How does B. dracunculifolia kill N. baccharidis galls and what is the intensity of each plant-mediated mortality factor?; (ii) Which stage of gall development is more susceptible to mortality caused by plant effects?; and (iii) What is the influence of B. dracunculifolia on gall growth and nymph emergence rates?
METHODS

Study area
The study was conducted on the campus of the Universidade Federal de Minas Gerais, Belo Horizonte, Brazil (44 Њ 00 Ј W, 19 Њ 30 Ј S), at 805 m a.s.l. The average temperature of the study site varies from 18 to 20 Њ C, and the average annual precipitation is 1500 mm (Espírito-Santo & Fernandes 1998 ). The vegetation is extremely heterogeneous and disturbed, and is composed of native, introduced, ornamental and fruitbearing species. The adjacent native vegetation contains dry forest and cerrado (savanna) species (Ferrari 1977) . The study plants were all located in a 2-ha area at an early successional stage, dominated by B. dracunculifolia , grasses and herbaceous and shrubby leguminous species (Araújo et al . 1995) . Data on monthly total precipitation during the study period were obtained from Pampulha Airport, approximately 1 km away.
Natural history
Baccharis dracunculifolia is a widespread dioecious perennial shrub, 2-3 m in height, occurring in southeastern and southern Brazil, Argentina, Uruguay, Paraguay and Bolivia (Barroso 1976 ). This species usually produces flowers twice a year from March to June and from November to December. Baccharis dracunculifolia supports up to 15 species of galling insects , but N. baccharidis is the most common galling herbivore found on this host plant (Araújo et al . 1995) . Adults of N. baccharidis are present throughout the year, but galls show two different peaks of abundance, which coincide with the periods of plant flowering. Galls are formed predominantly in March, April, May, November and December (Espírito-Santo & Fernandes 1998) .
The galls induced by N. baccharidis are elliptical, green, glabrous and one-chambered. Females of this psyllid oviposit in the main vein of the host plant leaves. During gall initiation, the leaf tissue swells, bending over itself until its borders are joined and thereby forming an elliptical capsule (Lara & Fernandes 1994) . One to 21 nymphs (usually one to four) develop inside the chamber of this capsule. Gall walls are succulent throughout nymph development. Gall dehiscence resembles a legume, and nymphs emerge from the opened gall in the last instar and immediately become adults, leaving the exuviae adhered to the gall external walls or plant leaves. After dehiscence, the gall remains attached to the plant, undergoing gradual desiccation, until it becomes dry and woody.
Three parasitoid species are known to attack N. baccharidis : Zatropis sp. (Hymenoptera: Pteromlidae), Brasema sp. (Hymenoptera: Eupelmidae) (Sperber & Collevatti 1996) and Psyllaephagus baccharidis (Hymenoptera: Encyrtidae) (Tavares & Perioto 1993) . Psyllaephagus baccharidis is the most common parasitoid of this psyllid. Inquilinism by the aphid Uroleucon sp. is also common and may indirectly kill the galling nymphs.
Gall mortality
In February 1999, 109 individuals of B. dracunculifolia were randomly marked among a population of 921 plants in the field. In March, these plants were searched every other day for galls of N. baccharidis . In midMarch, plants began to produce flowers, followed by an increase in the abundance of N. baccharidis galls. From 23 to 30 March, all galls recently induced by this psyllid encountered on the plants were marked (up to a maximum of 20 galls per plant), totalling 982 galls. These galls were considered to belong to the same cohort. Galls were numbered with small aluminium tags attached to the stem immediately below the gall. The width and length of each gall were measured to the nearest 0.1 mm with a caliper.
In each of the 5 subsequent months (April-August), all galls remaining on the plants were censused. Dead galls were always dry, and were easily differentiated from live galls. Dead galls were collected and their width and length were measured. Gall volume was calculated as an ellipse (4/3 width 2 length). To evaluate the influence of shoot growth on gall volume, the length of two terminal shoots randomly marked on each plant was measured twice a month with a ruler. Shoot relative growth rate was calculated for each month by (final length -initial length)/initial length. Dead galls were dissected to determine the cause of mortality and count the number of nymphs inside the gall chamber. The proportion of the initial cohort of nymphs killed by each mortality factor was not calculated, because it was impossible to determine the number of live nymphs that had emerged from dehisced galls.
To evaluate the effects of plant-mediated mortality on gall growth, gall volume was compared between live and dead galls that were supported by live shoots during the study period. For this comparison, a sample of live galls (dehisced and still developing) was randomly collected each month for 5 months (AprilAugust), comprising the developmental period of N. baccharidis . The number of live galls collected monthly is shown in Table 1 . The width and length of these galls were measured. The average volume of live and dead galls was calculated for each supporting plant at the month of gall collection and compared during the 5 months of development using a two-way analysis of covariance ( ANCOVA ; Zar 1996) . Average shoot growth rate at each month was calculated per plant and used as a covariate, to exclude possible effects of individual plant growth variations on gall growth. Both variables were log-transformed to meet the requirements of homocedasticity and normality (Zar 1996) .
Gall dehiscence
Dehiscence represents the successful conclusion of gall development, thus nymph survivorship was assumed for all dehisced galls. The fate of nymphs after emergence from dehisced galls is difficult to determine and was not considered in this study. To evaluate the effects of shoot mortality on rates of gall dehiscence, the proportion of dehisced and dead galls supported by dying shoots was calculated for each month. The number of galls dehisced on dead shoots was compared to the expected proportion of galls dehisced in the whole population (independent of shoot status) during each month, using a 2 goodness-of-fit test (Zar 1996) . Dehisced galls were further divided into two groups, galls dehiscing on live and dead shoots. Galls dehiscing on dead shoots usually did not open completely as they did on live shoots, and were easily separated from dehiscence before shoot death. To evaluate the effects of shoot death on gall size at dehiscence, the average volume of galls dehiscing on live and dead shoots was calculated for each plant at the month of gall dehiscence. This variable was compared between the two groups during the 3 months of gall dehiscence (June, July and August) using two-way analysis of covariance ( ANCOVA ; Zar 1996) . Plant average shoot growth rate was used as a covariate, and both variables were logtransformed to meet the requirements of homocedasticity and normality. As galls dehiscing on dead shoots were always dry at the time of collection, only dry galls dehisced on live shoots were used for comparisons between groups.
RESULTS
Gall mortality
The mortality of N. baccharidis galls attributed to B. dracunculifolia was very high, killing 40.7% of the In both analyses, plant monthly growth rate was used as covariate. Average gall volume per plant was calculated for each category and used for these comparisons 982 galls initially marked. This mortality was concentrated in the first 3 months of development, when 364 galls died due to plant effects. The most important mortality factor observed in this study was gall drop, killing 13.2% (130 galls) of the initial cohort of galls. These galls were not found, preventing a precise determination of their mortality source and of the number of nymphs killed by this factor. Many galls (115, corresponding to 11.7% of the initial cohort) were killed by unknown factors, which caused gall drying and subsequent nymph desiccation, without any apparent indication of shoot senescence. As a whole, this process caused the death of 149 nymphs of N. baccharidis (Table 1) , and its intensity increased from April to June (Fig. 1) . Nymphs killed by unknown factors did not show any visible indication of attack by natural enemies, such as parasitoids, predators, inquilines, fungus or other pathogens.
Seventy-six dry galls of N. baccharidis , representing 7.7% of the original cohort, did not present developing nymphs inside the inner chamber. All of this mortality was assumed to occur in the month of gall induction (March), because factors causing egg abortion or early mortality probably occur at this stage of gall development. Essentially, all galls without nymphs dried up before the third month of development. Only three empty galls continued to grow after June (Fig. 1) .
The death of supporting shoots caused the mortality of 74 galls (7.5% of the original cohort) and 104 nymphs of N. baccharidis . The number of dead shoots was very low during March, and then showed a marked increase throughout the dry season, when precipitation levels were practically zero (Fig. 2) . By the end of the study, 67 shoots (30.7% of the total) were dead. Individual plant mortality showed the same temporal patterns as shoot mortality. In late August, 17 plants (15.6% of the total) were dead (Fig. 2) . The percentage of the remaining galls at each month dying due to shoot mortality varied during the study, but was higher in May and August (Fig. 1) .
In this study, 1049 nymphs of N. baccharidis were sampled, and 253 (24.1%) had died (Table 1) . However, this proportion did not represent the actual nymph mortality rate during gall development in this population, since the mortality caused by dropped and empty galls, and the nymphs which successfully emerged from dehisced galls were not accounted.
The volume of galls killed by unknown factors and of galls with no developing nymphs was significantly smaller than the volume attained by live galls at each month ( ANCOVA ; Table 2, Fig. 3) . Thus, these unsuccessful galls showed a significantly lower growth rate than did the live galls during the 5 months of development. There was no influence of shoot growth rates on gall volume (Table 2) .
Gall dehiscence
Nymphs started to emerge in May, and the rate of gall dehiscence increased until August, when 54.2% of the remaining galls were open (Table 1 ). All galls growing on dying shoots were dead in April. In May, nymphs were able to survive and emerge only from a small number of dehisced galls (Fig. 4) . The proportion of galls dehiscing on dying shoots was significantly higher than that expected from the whole population in June ( 2 = 33.6; d.f. = 1; P < 0.001) and August ( 2 = 10.5; d.f. = 1; P < 0.01). In July, the number of dehisced galls on dead shoots did not differ from the expected proportion of dehisced galls in the whole population ( 2 = 3.2; d.f. = 1; P > 0.05). Thus, the impact of shoot mortality on gall survivorship decreased after the third month of development, because a major proportion of galls was able to dehisce even when growing on dying shoots (Fig. 4) . Galls on dead shoots tended to dehisce with a lower volume than galls on live shoots (Fig. 5 ), but this difference was not statistically Table 2 ). There was no influence of shoot growth rates on gall volume at dehiscence (Table 2) .
DISCUSSION
Gall drop was the most important source of mortality acting upon this population of N. baccharidis galls. It is very likely that gall drop is a normal consequence of gall tissue drying. During fieldwork, it was observed that dry galls were weakly attached to the shoot, being highly prone to fall down due to effects of wind and rain. Thus, dropped galls were probably dead before detaching from the plant, possibly killed by the other factors observed in this study which provoked gall drying. Predation of N. baccharidis galls was not common and was usually caused by chewing insects, which eat parts of gall walls but never remove the entire gall. Thus, gall drop may be an outcome of previous action of unknown factors, absence of developing nymphs or shoot death.
The unknown factors killing N. baccharidis galls may have several origins. Gall drying may occur after the attack of natural enemies that did not clearly damage the nymphs, such as viral and bacterial diseases. However, this source of mortality is difficult to detect, is poorly described in the literature Clancy 1993) , and may be a rare source of mortality to galling insects. On the other hand, fungi commonly inhabit galls (Wilson 1995) , but these microorganisms usually leave conspicuous signs of their occurrence, such as the presence of hyphae inside the gall chamber or modification of gall colour (endophytic fungi) (Fernandes & Price 1992; Wilson 1995) . Visible evidence of fungal infestation was not recorded on dead or live galls of this population of N. baccharidis. Other natural enemies easily detected inside galls, such as parasitoids and inquilines, do not cause gall drying (M. M. Espírito-Santo, pers. obs.). Thus, nymph diseases are possibly involved in gall desiccation but may be responsible for only a small proportion of gall mortality.
Bottom-up effects are probably responsible for most of the unknown mortality observed in this gall population. The number of galls killed by unknown factors varied greatly among the study plants, and there was variation among plants in their susceptibility to gall formation. In this study, 11.9% of the individuals of B. dracunculifolia sampled did not have galls of N. baccharidis, although some of them were growing beside heavily attacked plants. Among the plants susceptible to gall formation, 28.2% supported all their galls until dehiscence. However, the majority of the attacked plants had galls killed by unknown factors, and the intensity of this mortality varied from 5 to 100% between plants. Thus, a large proportion of the unknown mortality of N. baccharidis galls may be a consequence of an intrinsic capacity of the host to abort gall development, predominantly during the first 3 months after formation.
The majority of studies concerning plant resistance against galling insects categorized plant genotypes growing under similar conditions (i.e. same abiotic factors and exposure to insects) as resistant or susceptible based on the absence or presence of a high densities of galls (Craig et al. 1986; Maddox & Cappuccino 1986; Maddox & Root 1987; McCrea & Abrahamson 1987; Fritz et al. 1994; Orians & Fritz 1996; Orians & Floyd 1997) . However, plant resistance occurs along a continuum, ranging from complete prevention of gall formation to total inability to stop gall development. Intermediate plant control should include different intensities of resistance against gall development, which is probably the most important factor involved in the unknown mortality of N. baccharidis galls in the present study. Other studies also related the unknown death of developing galls to plant resistance (Fernandes & Price 1992) or to bottom-up effects (McMillin & Wagner 1998) . Moreover, Larson and Whitham (1997) observed that resistant individuals of the cottonwood Populus angustifolia James were able to abort galls of the aphid Pemphigus betae Doane during their development, and resistance intensity was affected by the number of plant natural sinks. Mortality due to plant resistance against developing galls may have been overlooked, and its impacts on galling insect populations and the mechanisms influencing this process deserve further attention.
The ability of B. dracunculifolia to kill N. baccharidis galls after their formation indicates that successful induction of a gall by this psyllid is not a guarantee of overcoming bottom-up control. Escape from mortality through plant resistance is likely if the nymph survives until the fourth month of development, since the galls, being already able to dehisce, have almost reached their full size by this stage. Furthermore, galls killed by this plant effect showed a pronounced lower volume than live galls. This result suggests that, even if the nymphs developing inside galls on a resistant plant survive until emergence, the size of the resulting adults may also be smaller, probably reducing their future survivorship and reproductive success. Therefore, studies of plant resistance against galling insects should consider the mortality during the entire gall development, in addition to plant susceptibility to gall establishment.
The occurrence of empty galls is another important mortality source in this population of N. baccharidis galls probably affected by B. dracunculifolia. Few studies have addressed the importance of developing galls without occupants in the overall mortality of galling insects. Preszler and Price (1988) demonstrated that females of the shoot-galling sawfly Euura lasiolepis Smith may retain their eggs during oviposition on water-stressed individuals of Salix lasiolepis Bentham, inducing empty galls on these hosts. Wool and Manheim (1988) reported the incidence of empty galls of the aphid Aploneura lentisci Passerini on shoots of Pistacia lentiscus Linnaeus with a great density of galls, suggesting that the absence of developing nymphs may occur as a response to resource scarcity at high levels of intraspecific competition. Thus, the frequency of empty galls is probably influenced by bottom-up effects, since host quality may affect female oviposition behaviour and/or egg survivorship. This mortality source may also be affected by factors such as inherent egg infertility and egg desiccation or predation.
The survivorship of N. baccharidis galls is additionally reduced by the mortality of B. dracunculifolia shoots. Death of the supporting shoots killed a significant proportion of the initial cohort of galls (7.5%). However, the impact of shoot death on gall survivorship was reduced after May, when galls reached the third month of development. At this stage and thereafter, gall dehiscence frequency on dying shoots was higher than that observed for the whole population, indicating that nymphs were able to accelerate their development and prematurely emerge from galls supported by these shoots. However, these galls tended to dehisce with a lower size than galls dehiscing on live shoots, possibly producing smaller adults, which may have reduced survivorship and reproductive success.
The excision of plant parts heavily attacked by insect herbivores is a common defensive strategy (Faeth et al. 1981; Yukawa & Tsuda 1986; Fernandes & Whitham 1989) . However, it is not likely that shoot mortality of B. dracunculifolia occurs as a plant reaction against the attack by N. baccharidis galls. Dead plants and shoots did not show higher gall densities: sometimes they did not support galls. Rather, shoot mortality may occur as a consequence of water limitation, since there was a marked increase in shoot and plant death after the beginning of the dry season (May-September). Thus, the impact of shoot death should be higher for galls formed later in the plant reproductive period, in April and May. Cohorts induced at these months would have a greater number of galls in the initial stages of development during the dry season, when shoot mortality is more intense.
Bottom-up effects had a strong impact on this population of N. baccharidis galls, reinforcing the importance of plant-mediated mortality in plant-insect systems (Hunter & Price 1992; Price 1992) . More than 40% of the initial gall cohort was killed, and a great proportion of this mortality should be attributed to the host plant. The mortality factors caused by B. dracunculifolia in the present study are usually neglected, such as occurrence of galls without developing nymphs, shoot mortality during the dry season and unknown factors. Although natural enemies may also be involved in the unknown mortality of N. baccharidis galls, gall drying without apparent causes may be predominantly a consequence of plant resistance after gall establishment. The mechanisms involved in this source of mortality certainly deserve further investigation, as well as their variations along gall development and interplay with plant phenological shifts. Together with plant resistance against gall formation, the mortality sources here observed may play an important role in the ecology and evolution of the finely-tuned interactions between this galling herbivore and its host plant.
